Unlike animals that produce gametes upon differentiation of meiotic products, plants develop haploid male and female gametophytes that differentiate gametes such as sperm, egg and central cells, and accessory cells [1, 2] . Both gametophytes participate in double fertilization and give rise to the next sporophytic generation. Little is known about the function of cell-cycle genes in differentiation and development of gametophytes and in reproduction [1, 2] . RETINOBLAS-TOMA RELATED (RBR) is a plant homolog of the tumor suppressor Retinoblastoma (pRb), which is primarily known as negative regulator of the cell cycle [3] . We show that RBR is required for cell differentiation of male and female gametophytes in Arabidopsis and that loss of RBR perturbs expression levels of the evolutionarily ancient Polycomb Repressive Complex 2 (PRC2) subunits and their modifiers encoding PRC2 subunits or DNA METHYLTRANSFERASE 1 (MET1) [4] [5] [6] , exemplifying convergent evolution involving the RBR-PRC2-MET1 regulatory pathways. In addition, RBR binds MET1, and maintenance of heterochromatin in central cells, a mechanism that is likely mediated by MET1 [7, 8] , is impaired in the absence of RBR. Surprisingly, PRC2-specific H3K27-trimethylation activity represses paternal RBR allele, suggesting a functional role for a dynamic and reciprocal RBR-PRC2 regulatory circuit in cellular differentiation and reproductive development.
Unlike animals that produce gametes upon differentiation of meiotic products, plants develop haploid male and female gametophytes that differentiate gametes such as sperm, egg and central cells, and accessory cells [1, 2] . Both gametophytes participate in double fertilization and give rise to the next sporophytic generation. Little is known about the function of cell-cycle genes in differentiation and development of gametophytes and in reproduction [1, 2] . RETINOBLAS-TOMA RELATED (RBR) is a plant homolog of the tumor suppressor Retinoblastoma (pRb), which is primarily known as negative regulator of the cell cycle [3] . We show that RBR is required for cell differentiation of male and female gametophytes in Arabidopsis and that loss of RBR perturbs expression levels of the evolutionarily ancient Polycomb Repressive Complex 2 (PRC2) subunits and their modifiers encoding PRC2 subunits or DNA METHYLTRANSFERASE 1 (MET1) [4] [5] [6] , exemplifying convergent evolution involving the RBR-PRC2-MET1 regulatory pathways. In addition, RBR binds MET1, and maintenance of heterochromatin in central cells, a mechanism that is likely mediated by MET1 [7, 8] , is impaired in the absence of RBR. Surprisingly, PRC2-specific H3K27-trimethylation activity represses paternal RBR allele, suggesting a functional role for a dynamic and reciprocal RBR-PRC2 regulatory circuit in cellular differentiation and reproductive development.
Results and Discussion
Cellular Differentiation Is Defective in rbr Male and Female Gametophytes In Arabidopsis, the male gametophyte (pollen) develops from the meiotic microspore by two consecutive mitotic divisions [1] . The first asymmetric mitosis produces one vegetative and a generative cell (binucleate stage, Figure 1A ), which then forms two sperm cells after a second mitosis (3-nucleate stage, Figure 1E ) [1] . We previously observed that rbr mutants had severely reduced transmission of the paternal rbr allele and that rbr pollen was sterile [9] . We investigated whether loss of RBR function affected male gametophytic cell fate and/or differentiation. In more than 40% of rbr/RBR pollen, a vegetative-like nucleus had aberrantly undergone an additional round of mitosis (n = 279; Figures 1B-1D ), a behavior that in the wild-type is strictly restricted to the generative nucleus. As a consequence, most of the rbr generative-like nuclei remained undivided, failed to form sperm cells, and aborted with diffused chromatin (n = 713; Figures 1F and  1H) . Therefore, correct differentiation of male gametophytic cell types requires RBR function.
The female gametophyte develops within ovules by three nuclear mitotic divisions of the meiotic megaspore to produce an 8-nucleate syncytium, which differentiates into a 7-cell structure consisting of two synergids, an egg cell, a binucleate central cell, and three antipodal cells ( Figure 1I ) [2] . After fusion of the central cell nuclei and degeneration of the antipodal cells, the embryo sac is mature and awaits fertilization ( Figure 1L ). We previously reported that mature rbr mutant embryo sacs showed aberrant nuclear proliferation at maturity [9] ; however, the exact timing and associated aberrations in differentiation events were not known. Detailed analysis by light microscopy showed that in 71% of the ovules in closed wild-type flower buds prior to anthesis, the 8-nucleate embryo sac was cellularized but polar nuclei remained unfused (n = 185; stage FG5.2; Figures 1I and 1K ). At the same stage of ovule development, only 47% of the rbr/RBR ovules had embryo sacs at stage FG5.2, and 23% of the embryo sacs showed signs of cell proliferation (n = 168; Figures 1J and 1K; for details see Figure S1 available online). Therefore, the embryo sac proliferation phenotype of rbr begins only after the transient cellularization, suggesting that the first three mitotic divisions of megagametogenesis proceeded normally in the absence of RBR.
Although we observed mature embryo sacs at stage FG7 in 95% of ovules in the wild-type emasculated pistils (n = 294), nearly half of the ovules from rbr/RBR plants showed nuclear proliferation in their embryo sacs (n = 402; Figures 1L-1N ; for details, see Figure S2 ). Proliferation occurred either in all cell types ( Figure 1M ; Figure S2G ) or was restricted to the egg apparatus (Figures S2D) or the central cell region only (Figure S2C) . In rare cases, egg and central cells developed into embryo-and endosperm-like structures in the absence of fertilization, although they did not complete seed development ( Figures S2E and S2F ). These data suggest that all embryo sac nuclei can contribute to the rbr proliferation phenotype, contrary to earlier conclusions that only the central cell nuclei proliferate in rbr female gametophytes [10] . Analysis of a G2-M phase marker, pCYCB1;1-GUS (b-glucuronidase fusion), which contains a cyclin destruction box targeting the protein for degradation at the end of M phase [11, 12] , showed no cyclin B1 marker expression in the mature female gametophytes that await fertilization ( Figure 1O ). Therefore, the mature female gametophytic cells arrested either during G1, or perhaps they arrested in G2 phase just prior to the expression of the B1;1 cyclin, as demonstrated for the male gametes [13] . Most rbr embryo sacs showed no pCYCB1;1-GUS activity at this stage ( Figures 1P and 1R) , and 3% of the rbr embryo sacs expressed this marker in some or all cells ( Figures 1Q and 1R ). These results suggest that rbr embryo sacs do not arrest cell-cycle progression, which is consistent with their nuclear proliferation phenotype. In addition, most proliferating rbr female gametophytes failed to express cell-specific markers that are detected in a fully differentiated wild-type mature embryo sac (data not shown), confirming that RBR is required for a complete differentiation of all gametophytic cells.
Although cell-cycle regulation in plant development is well understood [14] , it remains unclear how cell-cycle genes function in mitotic divisions and differentiation events during male and female gametophytic development. This is because (1) gametophytes are inaccessible for large-scale studies; (2) gametophytic mutations can not be maintained in their homozygous state, and the heterozygous mutant plants produce both mutant and wild-type gametophytes in an equal ratio; and (3) cell-cycle genes in plants are represented by duplicated gene families, making the genetic analysis more difficult. In Arabidopsis, only a limited number of cell-cycle genes have been implicated in gametophyte development and/or subsequent embryo or endosperm development, including DNA replication licensing factors such as PROLIFERA [15] , REPLICATION FACTOR C (RFC1/3) (http:// www.seedgenes.org), and ORIGIN REPLICATION COMPLEX 2 (ORC2) [16] , chromosome scaffold proteins of the condensin (SMC2) and cohesin (SMC1/3) classes (http://www.seedgenes. org, [17] ), genes of the anaphase-promoting complex or cyclosome (APC1/2, NOMEGA) that regulate mitotic progression (http://www.seedgenes.org, [18, 19] ), and CDKA;1, a cdc2 homolog [20, 21] . RBR is the first cell-cycle gene in plants, however, that is essential during development of the gametophytes and the sporophyte [9, 22] . Our current work further suggests that in both male and female gametophytes, RBR connects cell-cycle control to cellular differentiation processes.
RBR Regulates PRC2 Genes
In mammals, several genes encoding Polycomb Represive Complex 2 (PRC2) subunits are repressed by the pRB protein [23, 24] , but the regulatory interaction between PRC2 and pRB during gamete development, differentiation, and imprinting is presently unknown in both plants and mammals. It has been previously shown that MEDEA (MEA)-PRC2, one of several distinct plant PRC2 complexes that confer repressive histone methyl transferase activity, is required during gametogenesis to restrict autonomous proliferation of the central cell and for subsequent embryogenesis and endosperm development [6, 25] . Although most of the MEA-PRC2 genes are biparentally expressed, FERTILIZATION-INDEPENDENT SEED2 (FIS2) and MEA are regulated by imprinting [25] . In addition, nonimprinted paralogs of MEA or FIS2, such as CURLY LEAF (CLF) and SWINGER (SWN), or EMBRYONIC FLOWER2 (EMF2) and VER-NALIZATION2 (VRN2), respectively, together with MULTICOPY SUPPRESSOR OF IRA1 (MSI1) and FERTILIZATION INDEPEN-DENT SEED (FIE) modify parental or early sporophytic expression of imprinted genes [6, 25] . Because rbr mutants showed autonomous central cell proliferation similar to certain mutants in PRC2 genes [6, 9] , we investigated regulatory interactions between RBR and genes encoding PRC2 subunits during gametophyte differentiation. Expression of several nonimprinted PRC2 genes, including SWN, FIE, and MSI1, was increased in rbr male and female gametophytic tissues (Figures 2A and 2B ; Table S1 ), similar to disruption of pRB-mediated regulation of PRC2 homologs in certain mammalian tumors and cell lines [23, 24] . In contrast to the biallelically expressed PRC2 genes, expression of the imprinted genes FIS2 and MEA was reduced or unaffected in rbr/RBR ovules (Figure 2) . Loss of central cell-expressed FIS2 expression [26] in rbr embryo sacs was further confirmed by quantitative marker analysis ( Figures 2E and 2J) . It is possible that RBR-controlled expression of FIS2 is necessary for differentiation of the central cells, in analogy to the functional role of its mammalian homolog SUZ12 in embryonic stem cell differentiation [27] . Together, the PRC2 genes are repressed by RBR during gametophytic differentiation, unless they are imprinted.
RBR Controls MET1 Expression and Heterochromatin Maintenance pRb-E2F complexes has been shown to regulate genes that control DNA methylation in mammals [28] . Arabidopsis METH-YLTRANSFERASE1 (MET1), a homolog of DNMT1, is implicated in maintaining DNA methylation during plant development and regulation of certain imprinted genes, but functional interactions between MET1 and RBR are unknown [4, 5, 26] . Therefore, we investigated regulatory interactions between RBR and MET1 during gametophytic differentiation. MET1 expression was increased in pollen and ovules of rbr/RBR plants (Figure 2 ). This consistent behavior suggested that MET1 could be a direct target of the RBR protein complex. We identified canonical E2F-binding sequences in the MET1 promoter ( Figure 3A) , so we performed chromatin immunoprecipitation (ChIP) experiments with an anti-RBR antibody to test for RBR binding to MET1 at these sites. RBR was enriched on DNA fragments of the MET1 promoter region with canonical E2F binding sequences ( Figures 3A and 3B ), similar to a promoter fragment of PROLIFERATING CELL NUCLEAR ANTIGEN (PCNA) that contained an E2F binding motif [29] (Figure 3B ). We conclude that MET1 is directly regulated by RBR possibly via binding to E2F sites, providing a new insight to the evolutionary role of MET1-RBR interaction during cellular differentiation [30] [31] [32] . Activation of the imprinted FIS2 in central cells by RBR ( Figures  2B and 2E) , therefore, can be explained in part by RBR-mediated direct repression of MET1 (Figures 2A and 3B )-a known modifier of FIS2 expression [25] (Figure 2B ). In short, it is entirely possible that regulation of imprinted PRC2 genes such as FIS2 in gametes is delimited by MET1-dependent DNA methylation, which in turn is controlled by RBR.
MET1 is required for the maintenance of heterochromatin in the sporophyte, although a similar role has not yet been demonstrated in gametophytic tissues [7, 8] . Such maintenance may be impaired in rbr gametophytes where RBR control of MET1 expression is lost. We observed that proliferating central cell nuclei of rbr female gametophytes had an excess of heterochromatic foci ( Figure 3F versus Figure 3G ; 19 rbr and 10 RBR images in independent ovules). This strong difference in heterochromatin organization appeared to be restricted only to this cell type, because nuclei in other regions of rbr female gametophytes or sporophytic nuclei from rbr ovules showed no obvious abnormalities in heterochromatin organization, when compared to the corresponding RBR nuclei (data not shown). A similar increase in heterochromatic foci was observed in nuclei of autonomously proliferating central cells of the PRC2 mutants, msi1 ( Figure 3H ) and mea [33] , which resembled the chromatin organization in the early sexual endosperm nuclei as well ( Figure 3I ). Therefore, RBR and PRC2 genes such as MSI1 and MEA are required for maintenance of heterochromatin in central cells. Central cellexpressed RBR [9] , MSI1 [34] , and MEA [35] may cooperate in the repression of specific loci and the maintenance of nuclear organization. Future studies will have to address whether RBR-mediated heterochromatin maintenance in central cells is truly MET1 dependent.
PRC2 Represses Paternal RBR Although our previous results revealed that RBR regulated PRC2 genes in pollen (Figure 2A) , we could not exclude that a PRC2 group of transcriptional regulators might reciprocally regulate paternal RBR in this case, both in pollen and seed. Therefore, we examined whether paternal RBR expression was altered in PRC2 mutants. Histochemical expression analysis of a RBR promoter-b-glucuronidase fusion (pRBR-GUS) showed that paternal RBR activity was reduced in pollen ( Figure 4I ) and that this downregulation of paternal pRBR-GUS was maintained during seed development ( Figures 4A and 4D versus Figure 4G ). In contrast, pRBR-GUS was strongly active in the female gametophyte and leaves ( Figure 4I ), consistent with higher RBR mRNA levels in leaves than in pollen (data not shown). Although MSI1 is part of several chromatin complexes including PRC2, it is the only PRC2 component that has been shown to be essential for pollen development [34, 36] . Therefore, we asked whether RBR expression levels are altered in msi1 mutant pollen. RT-PCR experiments demonstrated that paternal RBR expression was indeed elevated in msi1/MSI1 pollen ( Figure 4H ). In addition, the paternal RBR promoter was derepressed during the early seed development in the maternal effect PRC2 mutants msi1, mea, fis2, and fie (Figures 4A-4F ; Figure S3 ; for details see Supplemental Experimental Procedures). Taken together, our results suggest that maternal MEA-PRC2 containing MSI1, MEA, FIS2, and FIE repress the paternal RBR allele during pollen and seed development. Additional experiments will be necessary to clearly demonstrate whether a novel paternal PRC2 containing MSI1 functions in similar regulation during pollen and/or seed development.
To investigate whether PRC2 repressed RBR directly or indirectly, we performed immunoprecipitation experiments on chromatin isolated from pollen and leaf tissues via an antibody against the PRC2-specific repressive histone H3 mark H3K27me3 [37, 38] . Several RBR promoter fragments showed strong H3K27me3 enrichment in pollen chromatin but not in chromatin from leaf tissues ( Figures 4J and 4K) . Control experiments with a fragment of PRC2-repressed MEA [39] confirmed repression of MEA by H3K27me3 in both leaves and pollen ( Figure 4K ). Thus, in pollen, paternal RBR is directly repressed similar to the paternal MEA by a PRC2 complex and, based on the misexpression of paternal pRBR-GUS in PRC2 mutant seeds, this repression is maintained after fertilization by the maternal MEA-PRC2 complex. Therefore, both our genetic and biochemical data described above are consistent with our hypothesis that RBR and PRC2 indeed form a dynamic and reciprocally repressive regulatory circuit.
Conclusions
We identified a novel dynamic and reciprocal regulatory feedback mechanism between RBR, a key cell-cycle regulator [3] , and epigenetic regulators of the PRC2 complexes [6] . This regulatory circuit is essential during gametophyte differentiation and development because in its absence cellular differentiation and development of male and female gametophytes are disrupted. Our results suggest that the evolutionarily conserved MET1, which was previously implicated in DNA methylation and regulation of certain PRC2 genes, might participate in this RBR-PRC2 loop. Therefore, not only are these independent regulatory units evolutionarily ancient, but the RBR-PRC2 crosstalk mechanisms also must have been recruited independently during evolution of plants and animals. It will be interesting to learn whether a pRB-PRC2 regulatory circuit was recruited independently to control gamete formation in animals.
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